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In a Nutshell:

I DM can be charged under a hidden U(1) =⇒ dark photon A′

I Dark photon (A′) can mix with the SM photon

I Efficiently probed by fixed target experiments: E137
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Motivation

may be complicated

“Portals”: H†H O(d=2) Fµν O(d=2)
µν L̄αH O(d=3/2)

α

Fµν F ′µν

I Could explain (g − 2)µ discrepancy (∼ 3σ+)



Kinetic Mixing: Basics

L ⊃ ε

2
FµνF ′µν

I Always invariant

I Renormalizable (Dimension-4)

I can be sizable even if generated at very high scale

I should be written down

Now the charge can be non-integer (irrational...) (Holdom, 1986)



Kinetic Mixing: Basics

Two U(1) gauge fields Aµ,A
′
µ with kinetic mixing:

L ⊃ −1

4
F 2
µν −

1

4
F
′2
µν −

ε

2
FµνF ′µν

(possibly higgsed)

1. Move to canonical basis (rotate + rescale = non-orthogonal)

2. Rotate to mass basis (orthogonal)

If mA = 0 and mA′ > 0:

Aµ → Aµ −
ε

1− ε2
A′µ A′µ →

1

1− ε2
A′µ

=⇒ L ⊃ jµ(Aµ + εA′µ) + j
′µA′µ +O(ε2)



Kinetic Mixing: SM+A′

L = (Aµ Zµ Aµ
′
)

 1 0 0
−cw tεsξ sw tεsξ + cξ sξ/cε
−cw tεcξ sw tεcξ − sξ cξ/cε

 eJµEM

g/cwJ
µ
Z

gDJ
µ
A′


I EM charges of SM do not get shifted

I Dark current does not acquire EM charge

I SM acquires dark charge ∝ ε

(mA′ > 2mχ) (mA′ > 2mχ or αD < αε2)



Collider vs Fixed Target



Collider vs Fixed Target

Sym. Collider Fixed Target

ECM E1 + E2

√
(E + ET )2 − p2 ∼

√
2EΛQCD ∼ 3.5 GeV ∗

Lumi. 1000 fb−1 NEOT × ρ×`×NAv.
A ∼ 1044 cm−2 ∼ 105 fb−1 ∗

∗ E137

Hadron Colliders at Fixed Target Mode:

ECM(e− fixed target)≈ 65 GeV
√

2E1
14TeV
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I 14 TeV LHC ⇒ 65 GeV (??)

I 30 TeV FHC ⇒ 95 GeV (Single Z )

I 50 TeV SFHC ⇒ 126 GeV (Single Higgs)

I 100 TeV CHC ⇒ 173 GeV (Single top)



Sample Fixed Target Experiments

Proton Beam (Talks by McKeen, Dharmapalan, Frugiuele,
Yu&Jackson, Soper,... )
p+N → Xπ,π → γA′, A′ → χχ (Batell, Pospelov, Ritz ’09 ;
DeNiverville, McKeen ’11, ...)

LSND (1023 p+ @ 0.8 GeV),
MiniBooNE, MINOS, NOνA, LBNE, Project X, E613, E???, ...

Electron Beam (Talks by Graham, Krnjaic...)

I E137 (1020 e− @ 20 GeV), E???

I SLAC millicharge (1019 e− @ 30 GeV)

I HPS, Darklight, APEX, ...



E137 @ SLAC (1982)

production ∼ ε2(αD) detection ∼ ε2αD



E137 @ SLAC (1982)



E137: Calculation

I Production Rate:

Nχχ = Ne × σ(e−N → e−Nχχ)× ntarget
N × `target

eff

I Detection Probability: Pdet = σχe− × ndet
e × `det

dσχe
dEe

= 4πε2ααD

2meE
2 − (2meE −meEe + m2

χ + 2m2
e)(Ee −me)

(E 2 −m2
χ)(m2

A′ + 2meEe − 2m2
e)2

I Event Rate @ Detector: Ndet = 2Nχχ × Pdet×efficiency

No Events Observed =⇒ 3 > Ndet ∼ εε4α
(2)
D @ 95% C.L.



Production cross-section



Results

(Andreas, Niebuhr, Ringwald ’12)



Results
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Effect of Energy Threshold



Future Directions

I Direct Production at Proton Beams

I Rescattered photons, positrons

I Avoiding B-factories? (not forever..) Split DM (Talk by
Krnjaic)
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